We discuss the role played by interregional power transmission on the basis of recent scenario work. In a project dealing with long-term planning for energy efficiency and renewable energy in Europe [described thoroughly in 1-4] we modelled a scenario for the present 15 EU countries' energy system in 2050. The basis for the scenario is the concept of 'fair pricing' for energy services, meaning that the price of energy should reflect all externalities, but not otherwise be taxed or subsidized. The project assessed resource availability and expected technology price developments over time for a number of energyrelated technologies, both on the supply side, the intermediate conversion chain and on the demand side. Among these, transmission technologies play an important role, both in smoothing out renewable energy supplies within the European Union region, and also allowing substantial import of energy from countries outside the EU having a surplus of renewable energy based power.
Description of the European Union fair market scenario for 2050
The fair market scenario is based on the assumption, that energy taxes in Europe (and globally) will be relieved of the current uneven taxation, and instead be charged with an environmental levy directly reflecting the knowledge of impacts not reflected in the nontaxed price. The level of this externality must be determined politically, in order to achieve consensus in areas such as greenhouse warming, where precise agreement of monetary value of the many possible impacts would seem impossible to reach. The European fair-market scenario assumes externalities estimated in other recent projects [2, [5] [6] [7] , the most recent of which finds total externalities of e.g. coal-fired electricity amounting to about 0.35 US$ per kWh, and externalities of automobile driving corresponding to 5.00 US$ per litre of gasoline. As the externalities of renewable energy are small fractions of the production costs, and production costs are assumed to approach that of current fossil fuel based energy production systems (as they already have in the case of wind power) [8] , then the market mechanisms will force a transition from fossil fuels to first wind, then bio-fuels and solar heat, and finally solar electricity. Figure 1 shows the development in the use of primary energy in the present 15 EU countries in the fair market scenario until 2050. Figure 2 shows the estimates of renewable energy sources that will be used in the 15 EU countries for the 2050 fairmarket scenario. Wind energy is restricted by area planning considerations, and about half the amount listed in Figure 2 comes from off-shore wind farms. The bio-mass energy sources (bio-gas, methanol) are limited by sustainability requirements, and the solar energy is roughly divided equally between rooftop/building facade integrated photovoltaic or thermal systems, and central PV or thermal electricity producing solar installations. The overall supply and conversion system now and in the scenario year is shown in Figure 3 , indicating a number of novel technologies employed, such as reversible fuel cells used together with storable bio-fuels to alleviate the intermittency problem of solar and wind energy. The demand is roughly twice the current one, but limited by information technology allowing many trivial tasks to be carried out with substantially lower energy use than today, implying that the activity level is more than doubled. Detailed energy balances are shown in Figures 4-7 for four countries, including both energy importing and energy exporting ones. One outcome of the scenario work is that the implementation of different kinds of renewable energy technologies are not expected to be spread out equally in the region. Solar thermal and photovoltaic systems are mainly implemented in southern parts of Europe, while wind turbines are more likely to be placed in northern Europe and in coastal regions, because of the physical potentials and lower power production costs in these regions. In such a system large quantities of energy will have to be transmitted between countries to avoid extensive use of expensive systems for energy storage.
Furthermore, the scenario work points out that implementation of large scale solar installations in North Africa or the Middle East for exports of electricity or hydrogen to Europe might be advantageous. This paper supports the idea of establishing a power transmission grid between Europe and the countries of North Africa and the Middle East to be able to obtain such electricity trade in the future [9] . It is interesting but hardly surprising that the price-driven scenario invites export and import of renewable energy between the European countries, because this is cheaper than raising national production to levels where the specific externalities may increase (see Figure 8 ). Again for reasons of economy, a net import from countries outside the 15 EC countries is believed to be cost-effective despite high transmission cost in the case of electricity (for gaseous bio-fuels or hydrogen transmission costs would be lower, but these fuels nearly balance inside the EU region). Some of the required electricity import would be from Norway, but the bulk is envisaged to come from North Africa or the Middle East, which have ideal conditions for central solar electricity. A simple calculation shows that using only five percent of the unused land areas in the Sahara Dessert for installation of photovoltaics could cover Europe's total energy demand except transportation for the fair market scenario in 2050 (using cells with 15% efficiency) [10] .
Vision of a Mediterranean electric power grid
In the fair market scenario the main part of the energy import from North Africa and the Middle East is envisaged to be electricity, amounting to approximately 200 TWh per year in 2050. Such trade would imply the establishment of a substantial power transmission system. Some of the power lines could probably be situated on land most of the way from Egypt through Jordan, Syria and Turkey while sea cables from Morocco to Spain and from Tunisia to Sicily might be advantageous (see figure 9 ). One side effect of this feature is that the current oil-exporting countries can continue to derive a revenue from energy exports. It is interesting, that the honourable minister of energy in Egypt has focussed attention on the benefits that can be derived from establishing an electricity transmission system between Europe and North Africa and the Middle East [11] . The countries in North Africa and the Middle East might very well be interested in the idea of substituting today's fossil fuel trade with solar electricity in the longer term, as the available fossil resources in the region are limited. Seen from a socio-economic point of view it might also be in the interests of both Europe and of the prospective future solar electricity producing and transmitting countries to maintain a strong economic activity in the region.
However, as indicated by Figure 1 , the suggested fair market energy trade between the regions amounts to approximately 200 TWh of electricity per year, which is not a large quantity if compared to Europe's net energy imports today.
We have not calculated the cost of establishing a transmission grid in the future. However, the ongoing development in northern Europe where especially Norway and Sweden have implemented and are currently building further sea cable connections to Denmark, Germany and Holland (see Figure 10) is an example that indicates that it can be an economically sound idea to establish transmission lines between large renewable energy production facilities and the main European energy system. What has already worked out for Norway might also be advantageous in southern Europe.
Future options for optimization of the efficiency of transmission might make electricity trade between the regions more advantageous than today, e.g. if technologies such as superconducting power lines are developed and implemented [12] .
Figure 10
Existing, decided and proposed power lines in North Europe (Map from [13] and data for transmission capacities from [14] ).
Discussion and conclusions
It is evident that the assumption of market-driven developments causes the outcome of the fair market scenario to depend strongly on the system boundaries. It is natural that a market-driven scenario will lead to substantial international trade, also of renewable energy products, if the technology allowing such trade is established (intercontinental grids for electricity and gas, either badges or hydrogen produced from biomass, solar or wind energy). The large quantity of energy exchanged may seem surprising, but really should not be, considering that intercontinental trade of energy is particularly relevant for intermittent sources of energy, which otherwise would need expensive energy storage systems or bio-fuel based back-up. The option of installing photovoltaic farms in North Africa and the Middle East, plus a power transmission grid connection to Europe is very far from economically realistic today. However, if expected cost reductions for solar panels do materialize, then it may become realistic in a few decades, including the added cost of the transmission lines.
Whether or not such a system will actually be implemented, of course, depends on political considerations. Europe realized its strong dependence on Middle East oil at the time of the 1973/74 Arab embargo, and has since tried to reduce its reliance on imports from what is seen as a politically unstable region. However, just because of the potential instability, it is also in Europe's interest to reduce the risk of poverty in the North Africa and Middle East regions, through an energy import that is large enough to be economically important for the exporting countries, and small enough not to constitute a supply threat to Europe. This may be just the balance sought for.
